as did application of 100 M mecamylamine (mean frequency of 3.0-Ϯ 1.7-fold The mean mEPSC frequency upon nicotine application (averaged over a 2 min period) was 10.2-Ϯ 1.6-fold (n ϭ of control, n ϭ 8; p Ͻ 0.01; Figure 1E ). These data suggest that the response to nicotine is likely to be mediated 40) over control.
After a 10 min wash, a second application of nicotine by presynaptic ␣Bgt-sensitive-AChRs. to the same locus that elicited a first response, produced another burst of mEPSCs similar to the first (Figures 1B nAChR Activation Causes an Increase in the Fraction of High-Amplitude mEPSCs and 1C). Maximal mEPSC frequencies and duration of the second responses were 111% Ϯ 15% and 84% Ϯ In addition to the dramatic increase in the probability of release, nicotine-induced bursts were characterized 26% respectively, of the first nicotine responses (n ϭ 6; Figure 1C) . Delays in the initiation of the bursts from by an increase in mEPSC amplitudes (Figures 2A and lated amplitudes of mEPSCs 2-4 min into the washout period ( Figure 3A , wash 2, blue trace). During this 2 min period, the mean frequency was 2.4 Hz. The monoexponential distribution of the inter-mini intervals shows our ability to discern discrete mEPSC events ( Figure 3B ) and also argues against local bursts of high-frequency events that might have been missed by the 1 Hz binning of frequencies. Lack of very short high-frequency bursts is also evident from the raw traces ( Figure 3B, inset) . The maximum frequency observed in any 1 s period was 7 Hz. mEPSC amplitudes remained high even after the To determine the limits of our ability to detect inflections, mEPSCs (4.8 Ϯ 0.7; n ϭ 6; Figure 2B) , 1997) . Under nantly from a random superimposition of mEPSCs. It control conditions, a majority of mEPSCs (76%) were could be argued that our inability to accurately resolve relatively fast and under 25 pA (mean rise times ϭ 1.24 single events at high frequencies might lead to a gross ms), while mEPSCs greater than 25 pA were slower with underestimation of the real mEPSC frequencies, and more varied rise times. In both control conditions and high-amplitude events might arise due to random sumduring nicotine application, we saw very few large amplitude events that had fast rise times (Յ0.6 ms; three mation of mEPSCs. To rule out this possibility, we calcu- NaCl) using a puffer pipette caused a burst of mEPSCs As in its simplest case, probability of release would with increases in frequency and amplitude. Application be modulated by calcium, we examined the calcium of nicotine to the same cells after wash caused a burst dependence of the nAChR effects in this system. that was similar to the caffeine response ( Figure 6A ). There was a variable lag between the onset of application and the onset of the burst in both cases (10 Ϯ 6 s Both Amplitude and Frequency Increases upon Nicotine Application Depend on Calcium Influx and 29 Ϯ 7 s for caffeine and nicotine respectively, n ϭ 5 cells). The duration of the bursts were also variable in ␣Bgt-sensitive-AChRs exhibit a high relative calcium permeability (Seguela et al., 1993) and efficiently raise both cases averaging 97 Ϯ 8 s and 59 Ϯ 8 s for caffeine and nicotine respectively (n ϭ 5). Analogous distribution [Ca] i in neurons (Vijayaraghavan et al., 1992) . Moreover, the 2-fold increase in mEPSC frequency at these synof mEPSC amplitudes was seen with nicotine and caffeine ( Figure 6B ). These results demonstrate that the apses, reported previously (Gray et al., 1996) , is critically dependent on calcium influx. If the nAChR-mediated effects of releasing store calcium on the mEPSCs were similar to that seen with nicotine. This finding suggests increase in frequency and amplitude comes from calcium increases in the presynaptic terminals, is calcium that the bursts of mEPSCs are caused by CICR upon the activation of nAChRs. flux necessary and sufficient by itself in mediating the effects of nicotine?
We further tested the involvement of store calcium by either depleting stores with 5 M thapsigargin (TG) or The bursts of high-frequency events were abolished by transient removal of external calcium. Frequency and pretreating the slice with 100 M ryanodine to block the release of store calcium. mEPSCs were recorded from amplitude responses from slices challenged with nicotine in 0Ca ACSF (no added calcium ϩ 0.5 mM EGTA) CA3 neurons before and during an application of 20 M nicotine. The slices were then treated with 5 M TG by were 0.6 Ϯ 0.1 and 0.78 Ϯ 0.08 of the control responses respectively (n ϭ 5), suggesting an obligatory requirebath application for 10 min. Application of TG caused a slow increase in mEPSC frequencies that was transient ment for calcium influx. However, once the burst was initiated (by the application of nicotine in ACSF conand returned to baseline (Figure 7) . At the end of the application period, store status was evaluated using a taining 2.5 mM calcium), switching the puffer to one containing nicotine in 0Ca ACSF did not abolish the 2 min application of 20 mM caffeine followed by a 2 min application of 20 M nicotine. Cells that responded to increase in frequency and amplitude (Figures 5A and  5B ). This finding suggests that the burst initiation was caffeine (implying store calcium was not depleted) were discarded. TG treatment abolished nicotine-mediated dependent on calcium influx, but once the burst was triggered, influx was not critical in sustaining the burst.
changes in amplitude and in frequency (Figures 7A and that these large vesicles have a role to play in the effects nicotine increases the frequency of all events that appear to depend on the same underlying mechanism, i.e., of nAChR on glutamatergic mEPSCs at these synapses.
The possibility that nicotine selectively increases rerelease of calcium from intracellular stores. The increased probability of release, calcium depenlease from synapses that give rise to high-amplitude mEPSCs is less likely. Neither our rise time nor amplitude dence, and the amplitude-rise time relationship all make concerted release the most parsimonious explanation distributions show a preferential increase in the frequency of a single population of mEPSCs. In addition, for the high-amplitude mEPSCs seen in this study. Fur- 1985). In addition, inputs are diffuse and have multiple terminals with only a small fraction forming synapses The large variability in the delay before burst initiation is puzzling. A simple explanation could be a difference (Descarries et al., 1997). Stimulation of a cholinergic neuron could lead to diffuse release of the transmitter in access of the drugs to the relevant terminals. Caffeine entry into the terminals and buffered diffusion of nicotine that could activate presynaptic nAChRs on multiple glutamatergic terminals by volume transmission. Thus, glucould thus result in significant and variable delays. However, delays existed, and were variable, when we intamate release could be modulated over a broad area by nAChR activity. creased nicotine concentrations to 500 M (16 Ϯ 10 s; n ϭ 3 cells), suggesting other possible factors may Our study reveals the existence of a presynaptic mechanism for signal propagation mediated by amplicontribute. Could the delay reflect store calcium content? If so, efficient CICR might occur only after a threshfied release of store calcium that is independent of incoming action potentials. A number of neuromodulators old calcium concentration has been achieved in stores. The initial period of nAChR activation, thus, might serve like nicotine might tap into these mechanisms allowing them both to usurp normal signaling pathways as well to fill stores to this threshold calcium concentration. Such dependence on store calcium content would imply as mediate activity-dependent plasticity in pyramidal neurons. Further, the sudden burst of transmitter release that the efficacy of this process would also reflect the functional history of the synapse, and add another facet resulting in postsynaptic firing offers the timing signal postulated to be necessary for action potential-indepenof timing to the trigger of mEPSC synchronization at these synapses. Dependence on store calcium content dent information transfer. As our study was carried out in relatively young anicould also serve as an explanation for an apparent discrepancy with nAChR-mediated calcium signals. Nicomals, such a mechanism might not be present in the adult animal. If not, this novel form of signal transmission tine-mediated calcium transients that were blocked by ␣Bgt have been reported at mossy fiber terminals (Gray in the brain, mediated by presynaptic neurotransmitter receptors, might be critical in activity-dependent formaet al., 1996), while, in another study, no evidence for
